[1] Root-soil mechanical interactions are key to soil stability on steep hillslopes. Motivated by new advances and applications of the Root Bundle Model (RBM), we conducted a series of experiments in the laboratory and in the field to study the mechanical response of pulled roots. We systematically quantified the influence of different factors such as root geometry and configuration, soil type, and soil water content considering individual roots and root bundles. We developed a novel pullout apparatus for strain-controlled field and laboratory tests of up to 13 parallel roots measured individually and as a bundle. Results highlight the importance of root tortuosity and root branching points for prediction of individual root pullout behavior. Results also confirm the critical role of root diameter distribution for realistic prediction of global pullout behavior of a root bundle. Friction between root and soil matrix varied with soil type and water content and affected the force-displacement behavior. Friction in sand varied from 1 to 17 kPa, with low values obtained in wet sand at a confining pressure of 2 kPa and high values obtained in dry sand with 4.5 kPa confining pressure. In a silty soil matrix, friction ranged between 3 kPa under wet and low confining pressure (2 kPa) and 6 kPa in dry and higher confining pressure (4.5 kPa). Displacement at maximum pullout force increased with increasing root diameter and with tortuosity. Laboratory experiments were used to calibrate the RBM that was later validated using six field measurements with natural root bundles of Norway spruce (Picea abies L.). These tests demonstrate the progressive nature of root bundle failure under strain-controlled pullout force and provide new insights regarding force-displacement behavior of root reinforcement, highlighting the importance of considering displacement in slope stability models. Results show that the magnitude of maximum root pullout forces (1-5 kPa) are important for slope stability. The force-displacement relations characterized in this study are fundamental inputs for quantifying the resistive force redistribution on vegetated slopes and may provide explanation for abrupt loss of strength during landslide initiation and deformation. 
Introduction
[2] The study of root-soil mechanical interactions, often motivated by questions related to slope stability or tree stability, has evolved from an early focus on reinforcement and strength imparted by roots crossing a slip surface [Wu et al., 1979; Waldron and Dakessian, 1981] or vertical root reinforcement along a profile [Abe and Ziemer, 1991] , to considerations of lateral reinforcement and dynamic aspects of root-soil interactions [e.g., Schwarz et al., 2010b Schwarz et al., , 2010c . Traditionally, studies focused on maximum tensile strength of individual roots as basic input information for the estimation of root reinforcement along a soil profile [Nilaweera and Nutalaya, 1999; Watson et al., 1999; Operstein and Frydman, 2000; Tosi, 2007; De Baets et al., 2008; Docker and Hubble, 2008] . Some studies also recognized the role of lateral distribution of roots on the horizontal redistribution of forces on a slope [Reneau and Dietrich, 1987; Schmidt et al., 2001; Roering et al., 2003; Casadei et al., 2003; Schwarz et al., 2010c] , and later considered the horizontal distribution of root reinforcement [Sakals and Sidle, 2004; Schwarz et al., 2010c] . Shewbridge and Sitar [1990] showed analytically how reinforcement affects the width of a shear zone and how the larger tensile strength of root-reinforced soils exceeds bending stresses by an order of magnitude. Schwarz et al. [2010c] showed in a case study of a shallow landslide on a vegetated slope that the contribution of lateral root reinforcement was the only mechanical contribution of vegetation to slope stability. This scenario is supported by other observations of rainfalltriggered landslides in Switzerland [Rickli and Graf, 2009] . These and other results indicate that for both shear and tensile reinforcement one should focus on the root pullout behavior.
[3] Numerous engineering studies on soil nailing techniques and concrete reinforcement have identified several key factors in the pullout behavior of single or multiple soil nails or fibers [Wang et al., 1988; Naaman et al., 1991a Naaman et al., , 1991b Li, 1994; Teixeira et al., 2007; Cunha et al., 2008; Yang et al., 2008] . Hong et al. [2003] showed that the friction at the soil nail interface was dependent upon the surface roughness of the nail and the confining pressure; Su et al. [2008] reported that peak pullout shear resistance of soils reinforced by nails was not significantly different for two different degrees of soil-water saturation (38% and 75%). Some of these results may be useful in the context of root pullout behavior, but the relatively complex geometry and the mechanical heterogeneities of natural root systems necessitate specific considerations requiring new experimental data and models of root-soil interactions. For example, some studies [Anderson et al., 1989; Czarnes et al., 1999; Abernethy and Rutherfurd, 2001; Hamza et al., 2007; Mickovski et al., 2007] have shifted from the standard measurement of the maximum tensile strength of roots to the characterization of the force-displacement behavior of pulled roots in a soil matrix, thus taking into account displacement and root-soil interactions for the description of the pullout process and root reinforcement in relation to various factors. Studies have also discussed the importance of factors such as root length, root branching pattern and tortuosity, and how these factors affect the pullout behavior of natural roots [Stokes et al., 1996; Abernethy and Rutherfurd, 2001; Mattia et al., 2005; Stokes et al., 2009; Mickovski et al., 2010] .
[4] There are only a few analytical or numerical studies that have addressed the pullout behavior of individual roots [Ennos, 1990; Stokes et al., 1996; Dupuy et al., 2005] , and among these only one model is capable of predicting the force-displacement behavior of a pulled root [Ennos, 1990] . In one of the rare studies aimed at experimentally evaluating dynamic aspects of reinforcement for a bundle of roots, Zhou et al. [1998] backcalculated the global contribution of lateral root reinforcement as the difference between the shearing resistance of rooted soil blocks and the shearing resistance of soil blocks without roots. The progressive nature of root bundle failure under a tensile or shear stress was recognized and discussed previously [Waldron and Dakessian, 1981; Zhou et al., 1998; Schmidt et al., 2001; Docker and Hubble, 2008; Cohen et al., 2009; Hubble et al., 2010] , leading to the recognition that the Wu et al. [1979] root area ratio calculation of root cohesion often used for slope stability assessment must be revised [Docker and Hubble, 2008; Stokes et al., 2009; Hubble et al., 2010; Mickovski et al., 2010] . A recent study by Pollen et al. [2004] introduced the concept of the fiber bundle model (FBM) for the estimation of root reinforcement. As reviewed in detail by Schwarz et al. [2010a] , the FBM provides quantitative consideration of geometrical and dynamic aspects of root reinforcement with model parameters, providing more realistic root reinforcement estimates. Two approaches have been used for studying root reinforcement with the FBM. One, first presented by Pollen et al. [2004] , imposes a stress on a bundle or roots. During a stress loading step, some roots break and their loads are redistributed to intact roots according to some predefined rules [Thomas and Pollen-Bankhead, 2010] . Depending on the redistribution rule, roots may or may not have identical displacements, unless assumptions are made regarding the geometry or mechanical properties of the roots, for example a constant elastic modulus independent of root diameter. Also, with stress loading, the bundle residual pullout forces past the maximum force cannot be calculated because the bundle breaks at the maximum load.
[5] A second approach, introduced by Schwarz et al. [2010b] and implemented in the Root Bundle Model (RBM) [Schwarz et al., 2010a] , loads the bundle by a sequence of strain steps and the total pullout force is simply calculated as the sum of pullout forces of individual roots in the bundle. No assumptions are needed about load redistributions. Because all roots have identical displacements, a complete description of root mechanics and geometry can be included, yielding a more realistic distribution of stresses among roots of the bundle. Also, calculations of forces can go beyond the maximum force and thus estimate the bundle's residual force at large displacements. Yet, the parametrization and calibration of the FBM remains a challenge due to the complexity and heterogeneity of root-soil systems. For improved understanding of the force-displacement behavior of a bundle of roots and for a realistic prediction of root reinforcement, new types of experiments and input data are required. Specifically, there is a need to quantify key factors and parameters also identified in recent numerical and analytical studies [Ennos, 1990; Dupuy et al., 2005; Schwarz et al., 2010a] such as root length, root branching distance, decrease of root diameter past a branching point (using a scaling factor), root tortuosity, variation of Young's modulus, and maximum tensile strength as a function of diameter and along the root length. The primary objectives of this study were to improve estimation of lateral root reinforcement by identifying and quantifying parameters controlling root bundle mechanical behavior by means of laboratory and field measurements and use these data to calibrate and validate the Root Bundle Model of Schwarz et al. [2010a] .
Materials and Methods

The Pullout Apparatus
[6] We designed a novel apparatus to obtain experimental data on the pullout behavior of a root bundle composed of a heterogeneous population of roots. The apparatus is capable of measuring simultaneously the pullout force and displacement of single elements of the bundle. The device was designed to conduct displacement-controlled experiments and can pull up to 13 roots/fibers simultaneously (Figure 1) . The pullout apparatus consisted of a rigid structure (400 × 600 × 800 mm) where a rigid plate (400 × 600 × 25 mm) moved along four parallel guides with circular cross sections (diameter 30 mm). On the stiff plate we installed 13 load cells (Omega engineering, LCL-040) to which individual roots/fibers were attached, so that the measurements of each pullout force is independent of the friction between the rigid plate and the guides. The load cells have a maximum load capacity of about 180 N (with a safe overload of 150%) and an accuracy of ±0.25% at full scale. The load cells were connected to a data logger (Campbell Scientific, CR3000) which collected force and displacement data every second. The displacement of the plate was measured using a Linear Variable Differential Transformer (LVDT, SigmaEpsilon, AS-630) which had a linear accuracy of ±0.3%. The plate was pulled with an electric motor positioned at the back of the machine. The pullout apparatus was designed and constructed to remain stiff with negligible internal elastic deformations. In laboratory tests, roots or fibers were embedded in soil or sand within a horizontal wooden box (600 × 600 × 1300 mm) ( Figure 1 ) and attached to the loading plate. In the field, roots prepared on the vertical face of a soil profile were attached directly to the plate of the machine.
Field Experiments 2.2.1. Study Area
[7] The study area is located at Uetliberg near Zürich, Switzerland (longitude 8.470631, latitude 47.366211; UTM/ WGS 84) at an altitude of 630 m a.s.l. The site is on a flat ridge in the northern part of the Albis range. The geological substratum is a limestone and the Uetliberg rise consists of glacial sediments deposited during the Wurm period [Vanomsen, 2006] . The climate is continental with mean annual precipitation of 1100 mm and mean annual temperature of 8°C [Vanomsen, 2006] . The soil in the area is an Inceptisol with a mollic surface horizon (Ah, 0.1-0.2 m depth) and a cambic subsurface horizon (Bh, >0.2 m depth) [Soil Survey Staff, 2010] . The soil of the mollic horizon is classified as a silty loam [Soil Survey Staff, 2010] . The upper layer of the soil was well structured with aggregate sizes ranging from 1 to 20 mm. Gravels and cobbles with diameters between 5 and 100 mm constituted only 5% of the soil material. Soil samples were taken from the mollic horizon (Ah) to measure water retention and grain-size distribution on dispersed and aggregated samples (Figure 2) . The fitting parameters of the water retention curve are typical of a loamy soil and indicate a high porosity of almost 60%. To measure the grain-size distribution of the dispersed soil, 5 kg of soil was dried and wet sieved for particle sizes from 0.1 to 10 mm. For the aggregated soil, an additional 5 kg of soil was dry sieved for particles greater than 2 mm (10 min throw-action sieving with amplitude of 3 mm with a sieve shaker (Retsch, AS 300)) to illustrate the effect of aggregation on the particle-size distribution (Figure 2b ). The smallest fraction of the soil (<0.1 mm) was analyzed with the laser diffraction technique after treatment with H 2 O 2 (2 mL on 2 g soil), Calgon (sodium hexametaphosphate), and UV (for 1 min).
[8] The canopy of the forest stand is a single layer dominated by Norway spruce trees (Picea abies L.) (about 90% of trees) with stem diameters between 200 and 300 mm at 1.3 m height. The mean stem density is 400 to 500 trees ha −1 and the mean tree height measured with a hypsometer is about 23 m. The spruce trees were planted and are regularly distributed. The autochthonous vegetation typically consists of a deciduous forest dominated by beech trees (Fagus silvatica L.) and belongs to the phyto-sociological class of the Fagetum typicum. The regeneration layer is composed of beech (Fagus silvatica L.) and Sycamore maple (Acer pseudoplatanus L.) species.
Soil Trenches
[9] In order to investigate the pullout resistance of natural root bundles of spruce, 6 rooted soil profiles near spruce trees were used as test samples. Trees with average dimensions of about 300 mm in diameter at breast height were chosen, avoiding trees growing below the forest canopy. Trenches were dug 2.5 m from the center of the tree stem. Each trench was 2 m long, 0.8 m in width, and 0.5 m deep. The orientation of the trench was chosen to minimize interactions with root systems of other trees. Before the excavation, roots of spruce trees were carefully cut along the trench line with a garden shear to prevent mechanical stresses before the test.
Field Experimental Setup
[10] Roots intersecting the profile ( Figure 3 ) were selected based on their diameters (between 1 and 3 mm) and their locations on the profile (to allow for a good connection to the pullout plate). Strain gages were positioned on a 40 mm squared mesh to ensure that the sensors were lined up with the axis of the pull direction. Roots were glued to metal rings equipped with a screw that overlapped the debarked end of the root. The length of the overlapping segment was proportional to the diameter of the root and embedded in a rubber tube in which liquid glue was injected (see Figure 3 ). Prepared roots with glued metal rings were attached to strain gages on the pullout plate and pretensioned using a screw system to a load between 0 and 2 N. The pretensioning activated all roots at the same time once the plate started to move. After the experiment, in situ volumetric water content (VWC) of the soil was measured using a handheld TDR (Time Domain Reflectometry) instrument (Hydrosense, Campbell Scientific).
Laboratory Experiments
[11] Laboratory experiments consisted of three types of tests (Table 1) : (1) cotton threads as root analogs, (2) fieldsampled root segments of spruce trees, and (3) fieldsampled natural roots of spruce trees. These materials are described in section 2.3.1. Cotton fibers were embedded in wet or dry sand to investigate the influence of tortuosity and branching points on the global pullout behavior of individual fibers in homogeneous conditions. To simulate tortuosity, fibers were laid in sand in a zigzag pattern consisting of 200 mm long segments at a 90°angle ( Figure 4 ). Branching points were simulated by crimping 4 mm diameter lead fishing beads at 200 mm intervals along the fiber. Straight natural root segments were pulled out from sand or soil under different moisture and confining pressure conditions. These tests aimed at quantifying root-soil friction under different conditions. Finally, we tested natural roots in reconstituted soil matrix using straight and tortuous roots and roots with and without branching points (branching points removed). Tortuosity, defined as the ratio of length along the root axis and the straight distance between the two end points of the root, was measured in the laboratory a Fibers and roots are grouped into straight (S), tortuous (T), branched (B), or a combination of these groups. and was 1.4 for cotton fibers and ranged between 1.0 and 1.2 with a 1.1 average for natural roots. 2.3.1. Roots and Cotton Thread Root Analogs 2.3.1.1. Cotton Fibers
[12] Cotton fibers were used to study pullout behavior without the geometrical and mechanical variability found in roots. Cotton was selected due to the similarity of its apparent elastic properties to those of fine roots. Cotton fibers had mean diameters of 0.2 mm (±10%) and were 1 m long. Dry fibers had a maximum tensile force of about 25 N (0.8 N standard deviation) and an elastic (Young's) secant modulus of ∼42 GPa (6.8 GPa standard deviation). Wet cotton fibers had a maximum tensile force of 22 N (1.5 N standard deviation) and an elastic (Young's) secant modulus of ∼31 GPa (3 GPa standard deviation).
Natural Root Segments
[13] In order to characterize friction between the root surface and the soil matrix (root-soil interfacial friction), we collected 5 root segments with diameters between 4 and 6 mm. These straight segments were cut from large secondary [Santantonio, 1990] lateral spruce (Picea abies L.) roots sampled from the first 400 mm of the topsoil layer. The diameter of each root segment was measured every 100 mm to calculate the root surface area used to convert measured pullout forces to frictional stresses. All root segments had lengths between 600 and 1000 mm with a fairly constant diameter (±6%).
Natural Roots
[14] Twenty seven roots of spruce (Picea abies L.) were collected and stored in a solution with 10% ethanol at 4°C to prevent the deterioration of the root material following procedures outlined by Bischetti et al. [2003] . Root diameters ranged between 1 and 4 mm. Roots were sampled from the uppermost 400 mm of the topsoil layer and can be classified as secondary lateral roots [Santantonio, 1990] . The experiments were carried out within two weeks of collection. Before the experiments, roots were hand washed gently under water to remove residual soil and root hairs. Fine root tips were also removed. For each root, we measured root diameter at its base, tortuous and straight length, diameter at each branching point, and branching distances ( Figure 5 ). The straight length of a root was measured by gently stretching it on a table. A branching point was defined when a lateral root was larger than 0.5 mm in diameter.
[15] A power law fit of tortuous length, L, versus base
where L and d b are both in millimeters. Data show that the number of branching points (n bp ) increases nearly linearly with base root diameter (n bp = 2.8 d b ; see Figure 6 ).
[16] Dividing the tortuous root length by the number of branching points we obtain the value of the mean branching distance. The mean branching distance, associated with the mean lengths of root segments with constant cross-sectional diameters, is a parameter in the root bundle model. Mean branching distances, however, were normally distributed and highly variable, between 30 and 187 mm with a standard deviation of 43.3 mm. For modeling purpose we assumed a mean value of 90 mm based on the average of 23 measurements.
[17] Previous studies on root growth and root distribution have used a scaling factor (also called a proportionality factor) to characterize the variation of diameter along root length [van Noordwijk et al., 1994; Ozier-Lafontaine et al., 1999; Vercambre et al., 2003; Collet et al., 2006] . This scaling factor is the ratio of the main root cross-sectional area before and after the branching point, including crosssectional areas of any branching lateral roots. We used the geometrical model of Schwarz et al. [2010a] to compute root diameter as a function of length along the root:
where d is the root diameter at a distance l from the root tip, b is the mean branching distance, f is the mean diameter of fine roots (in our calculation assumed to be 1 mm, following the classification of fine roots by Santantonio [1990] ), and s is the scaling factor. For d(L) = d b , substituting equation (1) into equation (2) and rearranging, we obtain
where s, d b and b are in millimeters. Measured values of scaling factor fit well with values computed using equation (3) (see Figure 7) . Thus, equation (3) was used as an input in the Root Bundle Model [Schwarz et al., 2010a] .
Laboratory Experimental Setup
[18] In the laboratory experiments we used the same apparatus as in the field experiments except that in the laboratory roots were embedded in a soil/sand matrix contained in a wooden box. The setup was designed to operate horizontally to avoid overburden gradients along the roots. As soil matrix we used a uniformly graded silica sand (D 50 = 0.6 mm) or a silty loam collected in the study area (see Figure 2) . The fine soil material was sieved in the field with a 20 mm mesh and kept dry in the laboratory. The roots/fibers were embedded in the soil matrix adding the soil material layer by layer and retaining an approximate bulk density of 1.0 throughout the vertical column. The upper surface of the soil matrix was leveled to equalize weight distribution. The confining pressure was determined by adding weights on top of the soil surface over a wooden board. We used weights of 120 and 270 kg to simulate upper confining pressures of 2 and 4.5 kPa, respectively. The preparation of different moisture conditions was performed by adding the amount of water needed to obtain the desired gravimetric water content and mixing the mass manually. The matrix mass was then left to equilibrate for a few hours prior to setting into the wooden box. The soil was characterized by standard laboratory drained direct shear tests on reconstructed saturated samples with material from the Ah horizon at confining pressures of 50, 100, 150, and 200 kPa (see parameters in Table 2 ). Although confining pressures in the standard shear tests were higher than under real conditions (0.5-1 m soil depth), they yielded standard parameters that could be compared with other soils.
The Root Bundle Model
[19] Experimental force-displacement pullout curves were compared with RBM predictions. The RBM [Schwarz et al., 2010a] is an extension of the fiber bundle model [e.g., Sornette, 1989; Pollen et al., 2004; Raischel et al., 2006; Cohen et al., 2009 ] that takes into account failure mechanisms of individual roots (i.e., slip and breakage) and root-soil friction. The model calculates the pullout force of a root bundle as a function of displacement during displacementcontrolled loading of the bundle. Key parameters of the model are: root length, root tortuosity, branching point coefficient (a coefficient that describes how much a branching point influences the maximum and the residual pullout force of a root), root-soil friction angle (derived from the root-soil interfacial friction forces measured at different confining pressures), water content, and confining pressure. Based on a sensitivity study of the RBM [Schwarz et al., 2010a] , the most sensitive parameters were the coefficients used to describe root length (equation (1)) and the branching point coefficient.
3. Results and Discussion 3.1. Laboratory Pullout Tests 3.1.
Experiments Using Cotton Fibers
[20] Figure 8 displays the pullout behavior of cotton fibers averaged over five replicates for straight fibers (S), tortuous Figure 7 . Root diameter versus calculated scaling factor of tested roots. The nonlinear regression model is shown to be significant with a p value less than 0.001 and a residual standard error of 0.32 on 22 degrees of freedom. Figure 6 . Number of branching points versus root diameter. The black line shows the linear regression with intercept at 0 and a slope of 2.8. The gray lines show the confidence interval of the regression at the 5% of probability.
fibers (T), straight fibers with branching points (SB), and tortuous fibers with branching points (TB), placed in wet (5% VWC) and dry sand. Results show that, in wet sand, S fibers had the smallest maximum pullout force (about 5 N), and peak strength occurred at a relatively small displacement (within the first 10 cm in this case). Also, friction during the slip-out phase decayed exponentially. SB fibers showed a higher maximum pullout force (about 10 N) also within the first 10 cm of displacement (corresponding to 10% strain). In contrast with SB fibers, the slipout phase of S fibers was more gradual and linear. T and TB fibers showed similar pullout behaviors with maximum pullout force of about 15 N at displacement of 25-30 cm. The slip-out phase also followed exponential frictional decay. For tortuous fibers, the effect of branching points was negligible.
[21] The pullout curves of fibers in dry sand (Figure 8b ) showed, in general, lower maximum forces than in wet sand. T and TB fibers reached maximum pullout forces at larger displacement than S and SB fibers. Moreover, in contrast to wet sand, the behavior of T and TB fibers differed considerably, suggesting that the presence of branching points in tortous roots had a larger influence in dry sand than in wet sand. The lower secant elastic modulus of cotton fibers does not justify the different measured pullout behaviors of cotton fibers in wet and dry sand. Water, however, appears to have the most influence on interfacial friction and hence on the pullout force. 3.1.2. Experiments Using Root Segments 3.1.2.1. Effects of Soil Type and Water Content on Friction
[22] Traditionally, the effects of lateral branching roots and root hairs are considered as an integral part of the global root-soil interfacial friction. To better understand root-soil interfacial friction, however, we focused on friction due to interactions between the roughness of the root bark and the soil matrix by performing pullout experiments in the laboratory with natural root segments sampled from the field (no branching points and no root hairs). To quantify systematically the effects of confining pressure and soil water content, we repeated experiments with different combinations of these factors. In total we performed 24 experiments, each time using the same 5 root segments (pseudo-replicates), for a total of 120 force-displacement curves (see Table 1 ). A possible variation of root-soil interfacial friction due to wear of the samples caused by the angular sand could not be observed between the first pullout test and successive tests. In fact, the variability of the pullout behaviors between the replicated tests did not show a decreasing trend and it was probably more influenced by local packing condition of the sand/soil matrix than by wear of the root-soil interface. Figures 9 and 10 show forcedisplacement results of five specific pullout experiments in soil and sand, respectively, with root segments of different diameters. In soil, maximum pullout force and displacement at maximum pullout force were nearly identical for the dry and wet cases (Figures 9a and 9b) . Pullout forces for the dry soil (Figure 9b) , however, showed large, rapid, oscillations of up to 25 N for the large root segments, while wet soil force-displacement curves in Figure 9a were smoother, indicating a more uniform friction. In contrast, maximum pullout forces in dry sand ( Figure 10b ) were three to five times larger than in wet sand (Figure 10a ). Pullout forces decayed rapidly after a sharp peak in dry sand while they plateaued in wet sand. For sand, the dry cases showed only slightly more oscillations than the wet cases.
[23] Figures 11 and 12 show the values of root-soil interfacial friction under various combinations of moisture and confining pressure for soil and sand, respectively. For soil, results in Figure 11 show that volumetric water content in soil causes a small but perceptible decrease of root-soil friction. A possible explanation for the decrease of friction with increasing water content is the decrease of soil aggregate stiffness with water: under wet conditions, individual aggregates are more plastic (less stiff) and deform more easily, resulting in a lower root-soil interfacial friction angle and thus lower friction. The data of Figure 11 were used to calibrate the root-soil interfacial friction parameters of the RBM such as the angle of friction (42°) and the cohesion (ranging between 0 kPa in the dry case, and 2 kPa in the wet case with 20% VWC). The discrepancy between the values of cohesion obtained for the soil (17.5 kPa, Table 2 ) and for the root-soil interface is likely due to the different types Figure 8 . Pullout tensile forces versus displacement for four different classes of cotton fibers (straight fiber (S), tortuous fiber (T), straight fiber with branching points (SB), and tortuous fibers with branching points (TB)), in (a) wet sand (5% VWC) and (b) dry sand (0% VWC). Curves are averages of five experiments. The slip-out phase begins at the displacement at which the maximum pullout force is reached. of test (drained saturated shear test for the soil at confining pressure of 50, 100, 150, and 200 kPa, and pullout tests for the roots with low confining pressures between 2 and 4.5 kPa) and method: for soil, cohesion is extrapolated from the residual shear force, while for pulled roots we consider the maximum pullout force. The influence of the type of test and of the confining pressure on the derived angle of internal friction has been discussed by Fannin et al. [2005] . They showed that the maximum angle of shearing resistance in cohesionless soils is stress-dependent and exhibits a linear relation with the logarithm of effective stress. In our case, we observed a similar behavior if we consider separately each pair of shear test data at different confining pressures (50-100 kPa, 100-150 kPa, and 150-200 kPa). In particular, we obtained that the angle of internal friction for the three combinations of confining pressures decreases with increasing confining pressure (28°, 26°, and 24°, respectively), whereas cohesion increases (10.5 kPa, 15.1 kPa, and 20.9 kPa, respectively).
[24] In natural soils, root hairs, root exudates, pressure due to root growth and overall adaptation of the root to the pore structure of the soil should increase root-soil shear strength in comparison with measured laboratory values. Under field conditions, soil bulk density increases with soil depth. In our study area [Vanomsen, 2006] , a bulk density of 1400 kg m −3 is exceeded at depth ranging between 200 and 600 mm. This range of depths provides an indication of the possible root zone depths for spruce trees (Picea abies L.) [Brady and Weil, 2007] where most of root reinforcement would take place. Thus, for the soil mechanical characterization, we sampled soil at the Ah horizon with a soil bulk density of 1000 kg m −3 (Table 2) representing realistic conditions of the soil in the rooted zone. At such low confining pressure (0-8.5 kPa), structured soils in the laboratory should offer a lower surface of contact between roots and soil aggregates than in a natural setting thus explaining the lower friction between roots and soil.
[25] Root-soil interfacial friction for sand was highly correlated with confining pressure for dry sand, but not for wet sand. We hypothesize that, since root segments were neither perfectly straight nor smooth, wet unsaturated sand does not transmit confining pressure homogeneously to the root because the matrix is self-supporting at the onset of root segment slip (Figure 10a ). In contrast, we expect that dry sand would fill the void space left behind a slipping root segment (Figure 10b ). Confining pressure is thus more homogeneously transmitted to the root-matrix interface resulting in higher interfacial friction. Mickovski et al. [2007] measured higher interfacial friction in wet sand, in apparent contradiction with our measurements. We hypothesize that Figure 10 . Pullout behaviors of root segments in (a) wet and (b) dry sand. Volumetric water contents are 10% and 0%, respectively, and confining pressure is 4.5 kPa in both cases. this apparent contradiction is due to the different experimental setup. In the case of Mickovski et al. [2007] , root analogues are pulled vertically, whereas in our case the natural root segments are pulled horizontally. Other pullout tests on stem segments of purple willow (Salix purpurea L.) [Bischetti et al., 2009 ] gave root-soil interfacial friction stress between 0 and 5 kPa for a confining pressure of 3.9 kPa in a poorly graded sand with a soil moisture of 5-10%, in accord with our own measurements.
Effect of Fiber Type
[26] We observed different behaviors between cotton fibers and root segments of spruce (Picea abies L.) in pullout experiments in sand with different moisture contents (Figures 8 and 10) . Under wet conditions, friction is highest for cotton fibers but lowest for root segments. We explain this opposite behavior by the difference in diameter of cotton fibers and roots relative to the grain size and by the difference in material properties: in the case of cotton fibers, their diameters are smaller than the grain size of the sand particles and the material is highly deformable, thus contacts between fibers and soil matrix are limited in dry conditions and confining pressure in the matrix is only partially transmitted to the fiber-matrix contacts. Under wet conditions, capillary water forming pendular bridges between the cotton fibers and the grains increase the surface contact and the apparent cohesion between fibers and matrix.
Effect of Fiber Length
[27] Although the effect of the root length-diameter relationship (also known as root aspect ratio) on the pullout force were not studied in the present experiments, root length has a major effect on the root mechanical behavior, as has been widely recognized [Waldron and Dakessian, 1981; Ennos, 1990; Michovski et al., 2007 Michovski et al., , 2010 and demonstrated in the Root Bundle Model [Schwarz et al., 2010a] . Our measurements of root geometry confirm that root tortuous length increases with increasing root diameter for spruce trees (Picea abies L.) (see equation (2)). Different tree species or root types would yield different parameters that would likely modify significantly the pullout forces of individual roots and root bundles. Figure 12 . Box plot of maximum pullout friction stress of roots in sand (in kilopascals) for different combinations of confining pressures (pascals) and water contents (percent). For each case, a minimum of five tests were performed. For each case the median (bold black line segment), the 75th percentile (gray box), and the 100th percentile is shown. A lone circle indicates that one data point was outside the 95th percentile. Figure 11 . Box plot of maximum pullout friction stress of roots in soil (in pascals) for different combinations of confining pressures (kilopascals) and water contents (percent). For each cases, a minimum of five tests were performed. For each case the median (bold black line segment), the 75th percentile (gray box), and the 100th percentile is shown. An isolated circle indicates that one data point was outside the 95th percentile.
Laboratory Experiments with Natural Roots
[28] To quantify the influence of tortuosity and branching points on the pullout behavior of natural roots taken from the study area, we performed pullout tests with three roots of different diameters (1, 2 and 3 mm) . The experiments were repeated three times for each case considered (unbranched, branched, and tortuous unbranched), and the results are shown in Figure 13 . 3.1.3.1. Effect of Branching Points [29] Comparison between data in Figures 13a and 13b highlights the importance of root branching pattern on global pullout behavior, as was previously shown for cotton fibers (Figure 8 ). The maximum pullout force was twice as large for branched samples than for unbranched samples, while the displacement at maximum pullout force was in both cases similar. For both cotton and natural root experiments, the presence of branching points doubles the value of the maximum pullout force. The larger displacement at maximum pullout force observed for branched roots is attributed to the additional root-soil friction of branching points that increases root pullout force. With branching points, the mobilization of tensile strength along anchored root branches is also included and is manifested primarily at larger displacement. The initial part of the force-displacement curve (root stretching) is similar for branched and unbranched roots.
[30] Predictions with the RBM confirm the need to introduce a branching point coefficient [Schwarz et al., 2010a] that explicitly considers this additional friction to improve estimation of root mechanical behavior. Other studies [Stokes et al., 1996; Dupuy et al., 2005; Mickovski et al., 2007] have also recognized the importance of branching pattern in pullout behavior of roots, but the parametrization of branching points in a model and the use of experimental data to validate it is novel. The assumption of the RBM to neglect the influence of the branching angle is based on results reported by Stokes et al. [1996] which showed that for a certain type of branching pattern, a variation of branching angle from 30 to 90 degrees increased pullout force for an individual branching point by less then 5%.
Effect of Tortuosity
[31] Figure 13c shows that for tortuous roots, both the maximum pullout force and the displacement at maximum reinforcement were higher than for straight roots without branching points. The larger values of pullout forces measured for tortuous roots can be attributed to the increase in root-soil interfacial friction due to the increased normal stress at the root-soil interface caused by the component of the pullout force perpendicular to the root. The increase in displacement is attributed to a lower global (effective) Young's modulus caused by the low bending resistance of a root embedded in soil. The magnitude of the effective Young's modulus depends on the bending properties of the tortuous root as well as on the plasticity of the soil. Different soil stiffness will also modulate the effects of tortuosity on root mechanical behavior. For stiff soil, tortuosity has little or no effect on the effective Young's modulus whereas for more compliant soils the effects of tortuosity will vary as a function of the compression and shearing properties of soil. The calibration of the tortuosity coefficient in the RBM with laboratory data resulted in an effective Young's modulus one third the value of the root material modulus [see Schwarz et al., 2010a] .
[32] Previous numerical simulations [Schwarz et al., 2010a] have shown that root tortuosity has a major impact on the mechanical behavior of pulled roots. Predicted curves Figure 13 . Comparison between (a) unbranched straight roots, (b) branched straight roots, and (c) unbranched tortuous roots in soil. The soil used in these tests is from Uetliberg and had a volumetric water content of 15%. Confining pressure was 2 kPa and tortuosity was 1.1 (in the case of tortuous roots). For the RBM, the value of the branching point coefficient was set to 0.1.
in Figure 13c were obtained using measured tortuosity of 1.1. The implementation of a tortuosity factor in modeling root reinforcement is a new element that explains the range of displacements at which roots reach their maximum pullout force.
Pullout Tests in the Field
[33] We performed a total of six pullout field experiments using a total of 36 roots with diameters ranging from 1 to 3 mm. Figure 14 shows the mean behavior of different root diameter classes (the mechanical behavior of individual roots showed a high degree of variability in terms of maximum pullout force (standard error of 30%) and displacement (standard error of 25%)). We observed that small roots tended to slip out whereas larger roots (in this case ≥2 mm) tended to break. The volumetric soil water content for these experiments was between 15 and 20%.
[34] Figure 15 shows the global pullout behavior of one of the five root bundles from a field test and comparison with a model run. The global pullout force increases continuously during the first part of the force-displacement curve until the first root (or class of root diameters) breaks or slips out (point A in Figure 15 ). In many cases, in both models runs and field tests, it is possible to observe the presence of multiple peaks before the pullout force starts to decrease gradually (point B in Figure 15 ). The breakage of a root or a class of roots that dominates the bundle may result in an abrupt decrease in the global pullout force (point C in Figure 15 ). The high variability of individual root behavior strongly influences the global behavior of a root bundle when considering a limited number of roots. The prediction of the pullout forces with the RBM shows a peak value which is about 16% less than the measured maximum peak. Moreover, the predicted displacement at maximum reinforcement is about 30% more than measured values (3.8 cm measured and 4.9 cm modeled). For the same bundle of roots, the use of Wu et al.'s [1979] model for the estimation of root reinforcement would result in a constant value of 464 N, an overestimation of about 60% in root reinforcement.
[35] Figure 16 shows the difference between two modeling approaches and six field pullout tests for quantifying the maximum root reinforcement. The first approach considers the maximum root reinforcement calculated with the sum of the maximum forces as in the approach of Wu et al. [1979] . The second approach is the application of the RBM [Schwarz et al., 2010a] (Table 3) . Results show that the RBM tends to underestimate with a relative standard error of 16%, whereas the sum of maximum forces overestimate peak strength by 60%. For this application, the RBM yields more realistic values of maximum root reinforcement and, in addition, provides the full stress-strain behavior of root bundles. The causes of the commonly observed overestimation of peak forces of Wu et al.'s approach are often attributed to the lack of consideration of progressive failure of roots [Pollen, 2007] . In contrast, the RBM takes into [Wu et al., 1979] . Each data point corresponds to the maximum pullout force of bundles tested in the field experiments. account progressive failure in addition to other geometrical and mechanical factors discussed above. A certain degree of peak force underestimation by the RBM could be explained by the fact that the pullout curves of natural roots exhibit local force peaks due to numerous irregularities that are not captured by a model based on mean forces.
Displacement and Failure Dynamics of Root Bundles
[36] To highlight the importance of failure dynamics of root bundles, we present in Figure 17 calculations of displacement at maximum pullout force for assumed distributions of root bundles, using the pullout data of individual roots measured in the field and those modeled with the RBM. These results show that total displacement to failure was between 20 and 80 mm, and displacement was strongly dependent on the distribution of root diameters in the bundle. Moreover, we confirm that the displacement at maximum pullout force increases with increasing size of the dominant root diameter in a bundle.
[37] The computed displacement at maximum pullout force for the six tested root bundles (Table 3 ) was constant at 4.9 cm. This result is attributed to the dominance of 2 mm roots in all tested bundles. Hence, the displacement at maximum pullout force of the bundle corresponds to that of the 2 mm diameter class (see Figure 14) . Estimating root bundle displacement at failure is one of the most important feature of the RBM. In particular, the RBM allows the simulation of different modes of global failure of root bundles that may be characterized by continuous decay of residual pullout force or by abrupt breakage of a class of root diameter (such as in Figure 14) . The RBM implements a quantitative approach for explicit consideration of the effects of root tortuosity and soil mechanical properties on the displacement and failure of a bundle of roots. For root bundles with few roots, the prediction of the displacement of maximum pullout force or the displacement at which the most significant decrease in pullout force occurs is challenging. However, the possibility of estimating the displacement even within an order of magnitude represents a reasonable approximation in many applications. For root bundles with a large number of roots, the RBM provides a better prediction for two reasons: (1) for a broad distribution of root diameters [Schwarz et al., 2010a] , an abrupt decrease in pullout force is unlikely due to the balanced contributions of individual root diameter classes, and (2) heterogeneities of maximum pullout forces and displacements of individual roots are statistically compensated for roots of similar diameters. In general, the distribution of root diameters and the number of roots exert a significant influence on the displacement at maximum pullout force of a root bundle.
Implications of the Model on Slope Stability Calculations
[38] Results of this study highlight the importance of two mechanical variables for slope stability calculations: (1) amount of displacement and (2) variation of root reinforcement as a function of displacement. Calculations of factor of safety using infinite slope approaches consider lateral root reinforcement as a cohesion term added to the soil intrinsic cohesion. Our measurements clearly demonstrate that these calculations overestimate slope stability because these two components of the stabilizing force are activated at different displacements and hence cannot be simply additive. Moreover, Schwarz et al. [2010c] have shown that lateral root reinforcement plays an important role in the stabilization of small shallow landslides (≤1000 m 3 ) where roots do not cross the basal shear plane, and that a realistic implementation of root reinforcement in a slope stability calculation is possible only by considering the spatial distribution of all trees and deriving the value of lateral root reinforcement in the stand based on the spatially resolved calculation of root reinforcement at the scale of an individual tree. With the RBM, a complete description of root reinforcement evolution, from progressive to abrupt failure, can be obtained that links root mechanical behavior with triggering mechanism of shallow landslide in vegetated slopes.
Conclusions
[39] This study presents results of laboratory and field experiments aimed at quantifying influences of different geometrical and mechanical attributes on pullout of individual roots and bundles of roots. In particular, the experiments focused on effects of root tortuosity, root branching patterns, root geometry, soil type, and soil moisture on the pullout behavior of an individual root, as well as root diameter distribution on the global behavior of a root bundle. The results show the following.
[40] 1. Branching pattern strongly influences the value of maximum pullout force of individual roots, whereas root tortuosity has an effect on both the maximum pullout force and the displacement at maximum pullout force.
[41] 2. Root-soil interfacial friction varies with different soil types.
[42] 3. Soil water content does not exert a significant influence on friction but friction decreases slightly with increasing water content in natural soil.
[43] 4. Pullout behavior of different classes of root diameters exhibits large variability, however, the effect of this variability is limited when a bundle of roots is considered.
[44] 5. The RBM provides a reasonable prediction of global pullout behavior of root bundles in the field with a mean underestimation of 16%, while the application of the approach of Wu et al. [1979] leads to a mean overestimation of 60% (the magnitude of the overestimation is strongly related to the distribution of roots).
[45] The application of the RBM provides important information regarding root bundle (and reinforced soil) stress-strain behavior. This information is particularly important for slope stability calculations and for consideration of the interactions of different forces (friction, cementation, suction). As discussed by Schwarz et al. [2010c] , implementation of a strain-stress function in standard slope stability modeling approaches such as finite element or discrete element models, as well as classical force or momentum equilibrium calculations, offers considerable advantages. In particular, highly resolved spatial calculations of forcedisplacement of root reinforcement behavior would improve estimation of triggering mechanisms for shallow landslides with volumes smaller than 1000 m 3 [Schwarz et al., 2010c] . The results contribute to a better estimation of variations of root reinforcement as a function of distance from tree stem which is an important practical application for optimizing planting or thinning of protection forests [Schwarz et al., 2010b] . Finally, results demonstrate that for simulation of pullout mechanical behavior of root bundles, a strain loading approach is necessary to model slip of individual roots and to obtain realistic force-displacement pullout curves.
